The alkali metal cations Na ؉ and K ؉ have several important physiological roles, including modulating enzyme activity. Recent work has suggested that alkali metal cations may be coordinated by systems, such as the aromatic amino acid side chains. The ability of K ؉ to interact with an aromatic ring has been assessed by preparing a family of synthetic receptors that incorporate the aromatic side chains of phenylalanine, tyrosine, and tryptophan. These receptors are constructed around a diaza-18-crown-6 scaffold, which serves as the primary binding site for an alkali metal cation. The ability of the aromatic rings to coordinate a cation was determined by crystallizing each of the receptors in the presence of K ؉ and by solving the solid state structures. In all cases, complexation of K ؉ by the system was observed. When possible, the structures of the unbound receptors also were determined for comparison. Further proof that the aromatic ring makes an energetically favorable interaction with the cation was obtained by preparing a receptor in which the arene was perfluorinated. Fluorination of the arene reverses the electrostatics, but the aromaticity is maintained. The fluorinated arene rings do not coordinate the cation in the solid state structure of the K ؉ complex. Thus, the results of the predicted electrostatic reversal were confirmed. Finally, the biological implications of the alkali metal cation-interaction are addressed.
I
t has been known for more than 30 years that the presence or absence of the alkali metal cations Na ϩ and K ϩ may dramatically affect the activity of certain enzymes (1) . Until recently, however, the chemical mechanism by which these cations acted was unknown. In several proteins, binding sites for Na ϩ and K ϩ have been identified by x-ray crystallographic analyses (2, 3) . The alkali metal binding sites in such proteins seem to serve two purposes. The bound cation may play a structural role, in which case it is not located at the chemically reactive site (4, 5) . The cation or cations are proposed to stabilize a particular conformation of the protein in this situation. In a second group of proteins, the alkali metal cation(s) is located at the active site (6 -8) . It is thought that in this case, alkali metals are present to maintain a charge balance during the catalytic process.
The solid state structures of these proteins show alkali metal cations are typically bound by polar, donor groups such as carbonyl, hydroxyl, carboxylate, and water (9) . The oxygen(s) in these functional groups serves as the coordinating heteroatom. However, evidence from calculations (10 -12) , gas phase studies (13) (14) (15) , and small-molecule crystal structures (16 -18) indicates that aromatic groups, traditionally thought to be ''hydrophobic'' or ''nonpolar,'' may also be able to bind either Na ϩ or K ϩ (19) . The three aromatic amino acids that might serve as donors for an alkali metal cation are Phe, Trp, and Tyr. The side chains of aromatic residues have been observed coordinating Cs ϩ , a large alkali metal cation, in crystal structures of rhodanese (20) , glutamine synthetase (21) , and methylamine dehydrogenase (22) . In a recently reported crystal structure of lysozyme (PDB ID code 1LPI), a Na ϩ cation is observed to interact with a solvent-exposed Trp side chain (23) . There is also strong structural evidence that Mg 2ϩ interacts directly with the face of the bases in DNA and RNA (24) .
Evidence for alkali metal cation-interactions in biological systems is sparse and currently limited to the examples in the proteins listed above. However, the ability of ammonium cations to interact with aromatic amino acids has been observed in many cases (25) . There is now sufficient evidence that the ammonium cationinteraction can be considered an important noncovalent force in protein stabilization (26, 27) and molecular recognition (19, 25) . We suggest that alkali metal cation-interactions may simply not be as well documented and consequently not appreciated. To obtain ''high-resolution'' data for alkali metal cation-interactions, we have prepared and studied a family of synthetic receptors. These receptors were designed to incorporate the aromatic side chains of Phe (benzene), Trp (indole), and Tyr (phenol).
The structures of the receptors having benzene (compound 1), phenol (compound 2), and indole (compound 3) sidearms, corresponding to the aromatic amino acids, are shown (see Scheme 1) . The design of the receptors is based on the diaza-18-crown-6 scaffold. Sidearms may be attached at the nitrogen atoms on opposite sides of the macroring. The ability of nitrogen to readily invert confers an overall flexibility on the system. Cation binding was envisioned to occur by macroring complexation of the cation followed by apical coordination by the arene-substituted sidearms. Such a binding mode is well known for the two-armed (bibracchial) lariat ether compounds (28) . The 18-membered ring size was chosen because of the macroring's overall symmetry and its size correspondence with the K The ethylene spacer was selected based on an analysis with Corey-Pauling-Koltun molecular models. The two-carbon spacer between macroring nitrogen and the arene is appropriate to achieve the apical cation-interaction sought and also is the number of carbons between nitrogen and the arene in the natural amino acids.
We have recently reported compounds 2 and 3, which incorporate the electron-rich systems phenol and indole, respectively (29, 30) . In both receptors, K ϩ was bound as a sandwich complex. We now report the successful complexation of K ϩ using a receptor, 1, having sidearms corresponding to the phenylalanine sidechain. We compare the cation-interactions observed for receptors 1, 2, and 3. In addition, we have prepared compound 4, a fluorinated analog of 1, to determine the effect that reversing the electrostatics of the aromatic ring has on complexation. Synthetic receptors 1, 2, 3, and 4 were prepared and crystallized in the absence and presence of K ϩ cation. Solid state structures were then determined by x-ray crystallography. 
Materials and Methods

General
N,N-bis(2-(4-hydroxyphenyl)ethyl)-4,13-diaza-18-crown-6,2.
This compound was prepared as previously described (29) . N,N-bis(2-(3-indolyl)ethyl)-4,13-diaza-18-crown-6,3. This compound was prepared as previously described (30) . 
2,3,4,5,6-Pentafluorophenylacetyl chloride.
A solution of 2,3,4,5,6-pentafluorophenylacetic acid (1.0 g, 4.42 mmol) was stirred in CH 2 Cl 2 (50 ml) in an ice bath. Next, a 2.0 M solution of oxalyl chloride in CH 2 Cl 2 (2.21 ml, 4.42 mmol) was added dropwise, and a catalytic amount of anhydrous dimethylformamide then was added to the reaction flask. The reaction mixture was removed from the ice bath and stirred at ambient temperature for 1 h. The CH 2 Cl 2 was removed in vacuo to give the desired acid chloride as a solid that was stored under N 2 and used in the next step without further purification. pentafluorophenylacetyl chloride (1.08 g, 4.42 mmol) in CH 2 Cl 2 (20 ml) was added dropwise. After addition of the acid chloride, the ice bath was removed and stirring was continued for 24 h at ambient temperature. The reaction mixture was filtered and concentrated in vacuo to give an orange oil. Crystallization from EtOAc gave the desired amide as a white solid (1.04 g, 70%): mp 132°C.
The bis(amide) compound (see above, 0.150 g, 0.221 mmol) was dissolved in tetrahydrofuran (10 ml) at 0°C. A solution of BH 3 ⅐tetrahydrofuran (1 M, 10 ml) then was added, the ice bath was removed, and the mixture was stirred for 24 h at ambient temperature. The reaction mixture was concentrated in vacuo, HCl (6 M, 10 ml) was added, and the solution was heated at reflux for 30 min. The solution was cooled to 0°C and made basic by adding NaOH pellets. The basic solution was extracted with EtOAc, and the organic phase was dried over anhydrous MgSO 4 Crystallization of 1⅐KI. Equivalent amounts of 1 and KI were mixed in EtOAc at ambient temperature. Slow evaporation of the solvent during several weeks afforded the complex as colorless crystals.
Crystallization of 4 and 4⅐KI.
A nearly saturated ethyl acetate solution was prepared of 4. Slow evaporation during several weeks gave crystals of 4 that were suitable for x-ray analysis. Equivalent amounts of 4 and KI were mixed in Me 2 CO at ambient temperature. Slow evaporation of the solvent during several weeks afforded 4⅐KI as colorless crystals.
X-Ray Crystallography. Intensity data for all crystals reported here were collected at 173(1) K on a Bruker (Billerica, MA) SMART charge-coupled device diffractometer ( scan mode Mo-K ␣ radiation, ϭ 0.7107 Å). Data were corrected for absorption by using the program SADABS (31) . Structure solution and refinement proceeded similarly for all structures [SHELX-97 software (obtained from G. M. Sheldrick, University of Göttingen, Germany) using the X-SEED (http:͞͞www.lbarbour.com͞xseed͞). interface]. Direct methods yielded all nonhydrogen atoms of the asymmetric unit. These atoms were refined anisotropically (fullmatrix least-squares method on F 2 ). Hydrogen atoms were placed in calculated positions with their isotropic thermal parameters riding on those of their parent atoms. Fig. 1 was prepared with X-SEED and POV-RAY (http:͞͞www.povray.org). The maximum for an accepted interaction between Z and the carbonyl oxygen (Z⅐⅐⅐O) was set to 4 Å, and the Z⅐⅐⅐O ϭ C angle was set from 0°to 180°. Only well determined (R Ͻ 10%) and error-free structures were considered. The search criteria resulted in 338, 34, and 36 structures that matched the results of the amide-water, amide-Na ϩ , and amide-K ϩ complexes, respectively.
Results and Discussion
Preparation of Receptors. The phenylethyl (1)-and indolylethyl (3)-sidearmed compounds were prepared by alkylation of diaza-18-crown-6 with 2-bromoethylbenzene or 3-(2-bromoethyl)indole, respectively. Phenol-sidearmed 2 was prepared by cyclizing tyramine and 1,2-bis(2-iodoethoxy)ethane in the presence of Na 2 CO 3 (32) . Finally, compound 4 was prepared by acylation of diaza-18-crown-6 with 2,3,4,5,6-pentafluorophenylacetyl chloride followed by reduction with BH 3 ⅐tetrahydrofuran (see Scheme 2).
Solid State Structure of 1. The formation of the KI complex of 1 is shown in semischematic form in Fig. 1a . Unbound 1 is a low-melting solid (mp 48-50°C), and we have not obtained crystals suitable for x-ray analysis. The conformation of the unbound compound therefore is illustrated based on the conformation of the other unbound receptors in this family, 2 and 3, which have been determined by x-ray crystallography (29, 30) . The unbound structure of 4 also has been determined, and the macroring conformation is essentially identical to that observed for 2 and 3 (Fig. 1d) .
The conformation of receptor 1 changes dramatically upon binding K ϩ . The solid state structure is shown (tube metaphor) in Fig. 1a , and a space-filling view is shown in Fig. 1e (Top) . The x-ray analysis reveals that the macrocyclic ring is in the typical D 3d conformation. The four oxygen atoms are about equidistant from K ϩ (2.68 Ϯ 0.05 Å). Both K ϩ ON distances are longer than the K ϩ OO distances and both are identical: 3.06 Å. The ethylene sidearms are in the gauche conformation and reach above and below the mean plane of the crown. Each benzene ring occupies an apical position above and below the macroring forming a sandwich complex with K ϩ . The ''centerline'' distance between the two centroids is 6.86 Å. The K ϩ ion is 3.43 Å from the center of the aromatic ring.
The thickness of an arene is in the range 3.4-3.6 Å. By using a value of 3.5 Å as we have in previous work (29, 30) , we conclude that the separation of opposite surfaces in this complex is 3.36 Å. An octacoordinate K ϩ ion has a diameter of 3.02 Å (33) . Considering these values, a K ϩ ion in van der Waals contact with an arene should exhibit a K ϩ -distance of 3.26 Å, differing from the observed value (3.43 Å) by Ͻ0.2 Å on either side. We thus consider the cation to be complexed by the surface of the arene.
An interesting comparison of 1⅐KI can be made with the previously reported structure of the KSCN complex of N,NЈ-dibenzyl-4,13-diaza-18-crown-6 (34). This compound is identical to 1 except that the sidearms are phenylmethyl (benzyl) rather than phenylethyl. No sidearm participation is apparent in the K ϩ complex of N,NЈ-dibenzyldiaza-18-crown-6, an observation in accord with Corey-Pauling-Koltun model structures: The benzyl sidearms are too short for intramolecular complexation to occur.
Comparison of the Structures of 1-3. Cutaway views of the solid state structures of compounds 1-3 are shown in Fig. 1b . These receptors have in common the 4,13-diaza-18-crown-6 macroring and arene-terminated two-carbon side chains. The sidearms of 1 and 2 correspond to the side chains of phenylalanine and tyrosine. Compounds 1 and 2 are identical except for the hydroxyl group present at the terminus of each sidearm in the latter. The K ϩ is positioned essentially in the center of the macroring in both 1⅐KI and 2⅐KI. In each case, the macrocycle adopts the D 3d conformation, and the K ϩ OO (2.68-2.70 Å) and K ϩ ON distances (3.04-3.06 Å) are essentially identical. The arene-arene separation is 6.86 Å in 1 and 6.88 Å in 2. The most critical feature of both structures is the orientation of the arenes with respect to the ring-bound cation. The K ϩ to arene centroid distances are 3.43 Å and 3.44 Å, respectively. The position of K ϩ with respect to the aromatic ring's surface is nearly identical in 1 and 2 (Fig. 1b) . In both cases, K ϩ is essentially in the center of the benzene ring, and the arenes are parallel to each other (see Fig. 1b) .
A significant difference concerns the position of the iodide counterion (shown in Fig. 1b as a magenta sphere) . In 2, each terminal hydroxyl group forms a hydrogen bond to iodide, positioning the latter essentially coplanar with one of the arenes and at a distance (O⅐⅐⅐I) of 3.47 Å. The OOH⅐⅐⅐I hydrogen bond angle is 170.5°. The KI complex of 1 lacks any hydroxyl group, and the iodide anion is positioned approximately coplanar with the cation and macroring. Two short COH⅐⅐⅐I contacts (D ϭ 4.26 and 4.16 Å, ϭ 152.9°and 155.7°, respectively) are apparent in the structure of 1⅐KI.
Solid state structures of 3⅐KI and 3⅐KPF 6 have been obtained. In both cases, the K ϩ complexes exhibit similar receptor conformations. Irrespective of anion, the K ϩ cation is aligned with the pyrrolo subunit of the indole sidearm at a nearly identical distance (3.45-3.48 Å). The two indolyl residues are parallel but the K ϩ cation is closest to C-2 in the pyrrolo (five-membered ring) subunit (K ϩ OC2 ϭ 3.30, 3.32 Å). In addition to the two K ϩ structures, a Na ϩ -bound structure of 3 also has been determined (30) . This structure is similar to the K ϩ structures including the observed coordination of the cation by the pyrrolo subunit of indole. receptors are essentially isosteres. Compound 4 differs dramatically, however, in its donicity, as compared with 1. This difference is apparent from a comparison of the calculated electrostatic potential surfaces (10) (HF͞6-31G**, PC Spartan Pro; Wavefunction, Irvine, CA) (Fig. 1c) . The electrostatic potential surfaces are calculated for the arenes rather than for their substituted forms, but the difference is obvious. The cation-attracting negative potential in benzene (Fig. 1c) is at or near the arene's center (red, negative; blue, positive). In contrast, the perfluorinated benzene, although still fully aromatic, has a substantial positive potential at the center (indicated by the blue color).
The solid state structure of 4 was determined. The structure of the unbound receptor is shown in Fig. 1d . As noted above, the crown is in a conformation that is identical to that observed in unbound receptors 2 and 3 (29, 30) . The key features are that the crown is in a ''parallelogram'' conformation and the sidearms point in opposite directions from the macrocycle.
The repulsive nature of the fluorinated aromatic ring toward K ϩ can be seen clearly in the crystal structure of 4⅐KI (Fig. 1 d and e) . The solid state structure of 4⅐KI revealed no sidearm coordination of the ring-bound K ϩ ion. Both top and side views of the solid state KI structures of 1 and 4 are shown in space-filling views in Fig. 1e . Despite the dramatic difference between 1 and 4, the macrocyclic portion of the complex was essentially identical in both cases. Both crowns are in the D 3d conformation (Fig. 1e) . The K ϩ to oxygen distances are 2.68 Ϯ 0.05 Å for 1⅐K ϩ and 2.78 Ϯ 0.05 Å for 4⅐KI. Likewise, the K ϩ to nitrogen distances were similar: 3.06 Å and 3.01 Å. The sidearms of 1⅐K ϩ are turned inward toward the center of the macroring to maximize cation contact. The sidearms are in the anti conformation rather than on the same side (syn) of the macroring. Owing to the difference in sidearm donicity, the sidearm conformations are gauche (58.8°) in 1⅐K ϩ (anti sidearms) and antiperiplanar (176.5°) in 4⅐K ϩ (sidearms extended from the macroring). Because K ϩ is not involved in complexation in the fluorinated receptor, 4, it is coordinated by the I Ϫ counterion (Fig. 1e) .
Conclusion and Significance for Biology. The ability to design and evaluate in detail low-molecular weight model systems provides a powerful tool for studying cation-interactions. The evidence presented here and the body of data that exists on alkali metal cation-interactions clearly indicate that biological systems also may use aromatic groups to bind cations. The lack of documentation of alkali metal cation-interactions in biology may be attributed to at least two factors. First, the resolution of many structures is not sufficient for the unequivocal assignment of electron density as Na ϩ , K ϩ , or (H 2 )O. In fact, Na ϩ and H 2 O have the same number of electrons, and the scattering factors of all three species are similar. Methods have been developed for the screening of potential Na ϩ binding sites in proteins, but the procedure relies on the presence of typical coordination environments (35) . Second, even when resolution is sufficient, the interaction between a cation and an aromatic side chain simply may be overlooked by the crystallographer because such interactions are not yet well known. During the course of refining a structure, electron density may be assigned as a water molecule even though the chemical environment suggests the presence of a Na ϩ or K ϩ cation (for example, see Fig. 2 ). A survey of several structures in the Protein Data Bank revealed a few cases in which a putative water molecule was located near an aromatic ring. One intriguing example was found in a 2.1-Å resolution structure of the enzyme tryptophanase (PDB ID code 1AX4) (36) . In this enzyme, a putative water (H 2 O 374, atom number 15153) is located 3.7 Å from the centroid of the aromatic ring of Tyr429. This value is close to the K ϩ -centroid distances that we observed in the synthetic receptors (3.43-3.45 Å). The ''water'' is also in close contact (2.6 Å) with the carbonyl oxygen of Tyr429. From a search of the CSD, we were able to determine the typical distances for a water molecule hydrogen-bonded to the carbonyl oxygen of a secondary amide. The average O water -O carbonyl distance (obtained from the CSD) was 3.10 Ϯ 0.36 Å. Interestingly, similar CSD searches for Na ϩ -O carbonyl (2.49 Ϯ 0.35 Å) or K ϩ -O carbonyl (2.85 Ϯ 0.38 Å) interactions more closely match the distance of 2.6 Å in the tryptophanase example. Experienced crystallographers determined the tryptophanase structure and the assignment of H 2 O 374 could well be correct. However, given its position over the face of the aromatic ring, the observed distances, and the similarity in scattering factors for Na ϩ , K ϩ , and O, we propose that it is an alkali metal cation.
The results presented here confirm that arenes can serve as donors for alkali metal cations. We anticipate that as the resolution and number of protein crystal structures increase, more examples will be found of alkali metal cation-interactions involving the aromatic amino acid side chains. The consequences of this type of binding site for protein function can begin to be assessed as more examples are found and subsequent mutagenesis studies are performed. Finally, we hope that the results of the studies presented here will stimulate a consideration of cation-interactions in cases where only water has previously been inferred.
